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Drought-triggered declines in forest productivity and associated die-off events have
increased considerably due to climate warming in the last decades. There is an increasing
interest in quantifying the resilience capacity of forests against climate warming and
drought to uncover how different stands and tree species will resist and recover after
more frequent and intense droughts. Trees form annual growth rings that represent
an accurate record of how forest growth responded to past droughts. Here we
use dendrochronology to quantify the radial growth of different forests subjected to
contrasting climatic conditions in Spain during the last half century. Particularly, we
considered four climatically contrasting areas where dominant forests showed clear signs
of drought-induced dieback. Studied forests included wet sites dominated by silver fir
(Abies alba) in the Pyrenees and beech (Fagus sylvatica) stands in northern Spain, and
drought-prone sites dominated by Scots pine (Pinus sylvestris) in eastern Spain and
black pine (Pinus nigra) in the semi-arid south-eastern Spain. We quantified the growth
reduction caused by different droughts and assessed the short-and long-term resilience
capacity of declining vs. non-declining trees in each forest. In all cases, drought induced
a marked growth reduction regardless tree vigor. However, the capacity to recover after
drought (resilience) at short- and long-term scales varied greatly between declining and
non-declining individuals. In the case of beech and silver fir, non-declining individuals
presented greater growth rates and capacity to recover after drought than declining
individuals. For Scots pine, the resilience to drought was found to be lower in recent years
regardless the tree vigor, but the growth reduction caused by successive droughts was
more pronounced in declining than in non-declining individuals. In the black pine forest
an extreme drought induced a marked growth reduction in declining individuals when
accounting for age effects on growth rates. We demonstrate the potential of tree-ring
data to record short- and long-term impacts of drought on forest growth and to quantify
the resilience capacity of trees.
Keywords: annual tree rings, black pine, basal area increment, dendroecology, European beech, growth resilience,
scots pine, silver fir
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INTRODUCTION
Climate has rapidly and steeply warmed since the 1980s
amplifying water shortage through enhanced evapotranspiration
and thus increasing the severity of droughts worldwide (Dai,
2013). These climatic trends have made many forests more
vulnerable to drought at a global scale as losses in forest
productivity and widespread forest die-off episodes have
evidenced (Allen et al., 2010).
Nowadays, there is a growing scientific interest on forest
reactions to drought across different biomes to discern which
growth features or functional traits better characterize different
species-specific responses to these climate extremes (Anderegg
et al., 2013, 2015, 2016; Vicente-Serrano et al., 2013; Gazol
et al., 2017a). In this sense, annual growth rings provide short-
(e.g., years) and long-term (e.g., decades) information on how
trees respond to drought (e.g., Anderegg et al., 2015; Camarero
et al., 2015b; Gazol and Camarero, 2016; Gazol et al., 2017c).
Since dry spells reduce forest productivity and tree growth
and often weaken trees by deteriorating their vigor, drought
effects on forests may last for several years (Peltier et al., 2016).
Recent studies suggest that forest resilience to drought, i.e., the
capacity to resist and recover after a drought, mainly depends on
drought intensity, but such resilience may also depend on climate
types (Zhang et al., 2017), tree species or specific functional
traits (Greenwood et al., 2017). Furthermore, tree species and
individuals can vary in their strategies to cope with drought
(Gazol et al., 2017a,b) modifying forest growth responses to
drought, which may be reflected in tree-ring width variability.
Droughts are linked to a wide range of climatic conditions,
such as increased mean and maximum air temperatures,
which rise evapotranspiration rate, reductions in rainfall, more
sunshine, and elevated vapor pressure (De Boeck and Verbeeck,
2011). Therefore, droughts do not always share the same
climate conditions and, thus, they can differently impact forests
growth across different climates and biomes (Choat et al., 2012;
Anderegg et al., 2013). For instance, the 2003 heat wave mainly
affected central Europe and it was characterized by abnormally
warm temperatures during the growing season resulting in a
substantial reduction in forest productivity (Ciais et al., 2005).
Conversely, the 1994–1995 and 2005 dry spells mostly affected
Mediterranean regions of south-western Europe (e.g., Spain) and
they were characterized by unusually low values of precipitation
that induced widespread growth decline and triggered forest die-
off (Peñuelas et al., 2001; Carnicer et al., 2011; Sánchez-Salguero
et al., 2012). On the other hand, the 2012 drought mostly affected
eastern and southern Spain and it was initiated by very warm and
dry conditions during the previous winter and the early growing
season (Camarero et al., 2015b). In any case, these conditions
represent particular climatic circumstances that translate into
forest growth reductions at different time scales.
Droughts have short- and long-term impacts on forest growth.
In a short-term perspective (1–5 years), the comparison of
forest growth before, during, and after the drought event using
resilience indices provides information on forest recovery after
drought (Lloret et al., 2011). However, this approach lacks a long-
term (10–30 years) perspective of forest response to drought that
can only be detected by comparing growth trends of different
tree individuals several years or decades after drought started
and considering the cumulative effects of consecutive droughts
(Peltier et al., 2016). Long-term growth responses and “legacy
effects” may include the cumulative effects of successive droughts
and differ in duration and severity depending upon several
factors (Anderegg et al., 2015). While some tree individuals or
species display a marked resilience capacity and recover from
drought after 1–5 years, others might maintain reduced growth
rates for decades (Yin and Bauerle, 2017). For example, this is the
case of some silver-fir (Abies alba) populations showing dieback
in the Spanish Pyrenees due to a pronounced and long-term
growth decline which started after the 1986 drought (Camarero
et al., 2011; Gazol and Camarero, 2016). Ultimately, intense
droughts can induce irreversible growth and vigor loss resulting
in tree death (Sánchez-Salguero et al., 2012; Camarero et al.,
2015b; Cailleret et al., 2017). Here we define the long-term legacy
effects by selecting severe droughts representing “tipping-points”
in tree vigor and triggering forest dieback (Camarero et al.,
2015b). That is, after the selected droughts there should be a clear
difference between declining and non-declining individuals in
terms of growth at least one to three decades later.
Here, we use different examples of drought-triggered growth
decline from forests experiencing die-off in Spain. Our main goal
is to demonstrate how the resilience capacity of trees to withstand
drought can vary across individuals of different vigor in forests
located near the species’ rear edges. Moreover, we assess the long-
and short-term negative impacts of drought on radial growth
and quantify these responses using different simple approaches.
Particularly, we focus on how four tree species with contrasting
climatic requirements (A. alba, Fagus sylvatica, Pinus sylvestris,
and Pinus nigra) respond to different droughts that have affected
temperate, continental and Mediterranean forests in Spain. In
order to test whether the observed short- and long-term effects
of drought on growth vary across sites we studied four forests in
the case of beech.
MATERIALS AND METHODS
Study Forests, Tree Species, and Climate
Conditions
To illustrate the short- and long-term responses of trees to
drought we studied forests dominated by four different species
with contrasting evolutionary and functional characteristics,
including one Eurosiberian hardwood species (F. sylvatica L.,
beech) and three conifers distributed across the Eurosiberian (A.
albaMill., silver fir; P. sylvestris L., Scots pine) andMediterranean
[P. nigra Arn. subsp. salzmannii (Dunal) Franco, black pine]
regions (Table 1). Specifically, we studied: four beech forests
(Opakua, Arutz, Eraso, and Lokiz) situated across the southern
Basque country (Opakua) and Navarra (the other three sites)
in the temperate region of northern Spain, a silver fir forest
located in the Spanish Pyrenees where temperate conditions
prevail, a Scots pine forest situated in the Iberian System
(Corbalán, Teruel) subjected to a continental Mediterranean
climate and a black pine subjected to semi-arid conditions in
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TABLE 1 | Characteristics of the study forests used to quantify tree growth responses to drought across different Spanish regions.
Tree species
(common name)
Considered
droughts
Sites (region),
geographic area
Site longitude,
latitude, elevation
Climate station
(linear distance to
sampling site in km)
No. sampled
(cross-dated)
trees
Mean diameter
at breast
height (cm)
Age at 1.3m
(years)
Abies alba (silver
fir)
1986 Paco Ezpela (Aragón),
western Pyrenees
0◦ 52′ W, 42◦ 45′ N,
1230m
Ansó, 0◦ 50’ W, 42◦
45’ N, 858m (1.5 km)
36 (36)§ 39.0 ± 2.1 102 ± 6
Fagus sylvatica
(European beech)
2003, 2005 Opakua (Araba),
Basque Country; Arutz,
Eraso and Lokiz
(Navarra)
2◦ 21′ W, 42◦ 50′ N,
787m; 2◦ 08′ W, 42◦
44′ N, 984m
Agurain/Salvatierra, 2◦
23′ W, 42◦ 51′ N,
605m (7.5); Larraona,
2◦ 15′ W, 42◦ 46′ N,
770m (4.0 km)
92 (90)§ 45.0 ± 3.4 98 ± 8
Pinus sylvestris
(Scots pine)
1994–1995,
1999, 2005
Corbalán (Aragón),
Iberian System
0◦ 58′ W, 40◦ 26′ N,
1303m
Teruel, 1◦ 07′ W, 40◦
21′ N, 915m (9.5 km)
36 (36)§ 27.3 ± 1.0 138 ± 6
Pinus nigra subsp.
salzmannii (black
pine)
1994–1995,
2005
Sierra María
(Andalusia), Sierra de
María-Los Vélez Natural
Park (Andalusia)
2◦ 13′ W, 37◦ 41′ N,
1350m
Vélez-Blanco, 2◦ 06′
W, 37◦ 41′ N, 1076m
(5.7 km)
46 (44)§ 27.4 ± 3.8 83 ± 17
In the last two columns, values are means ± SE. More detailed information for each beech stand is presented in the Supplementary Table 1. §Half of sampled trees were declining and
the other half of trees were non-declining individuals.
Sierra María (Almeria, south-eastern Spain; Table 1). All study
sites are located near the southernmost distribution limit of each
species (rear edge) in Europe, which potentially make these tree
populations sensitive to water shortage (Figure 1).
According to monthly climatic data (mean temperatures,
precipitation) obtained from nearby local meteorological stations
for the period 1950–2016, silver fir and beech occur in the wettest
and coolest sites, whereas Scots pine and black pine appear in the
driest and warmest sites (Figure 1). In the silver fir site and beech
sites, the mean annual temperature is 10.6◦C and the annual
precipitation is 1175mm. In the Scots pine and black pine sites
the mean annual temperatures are 11.8◦ and 16.4◦C and the
annual precipitations are 406 and 322mm, respectively.
We selected the most severe droughts affecting the study
sites using the Standardized Precipitation–Evapotranspiration
Index (Vicente-Serrano et al., 2010), which is a multiscalar
drought index based on temperature and precipitation data
and dependent on the estimated cumulative water balance.
Dry and wet conditions correspond to negative and positive
SPEI values, respectively. We selected the SPEI duration and
month based on previous analyses showing the strongest SPEI-
growth relationships in each tree species (Pasho et al., 2011). For
instance, these authors found that silver fir growth was strongly
related to the 2-months long August SPEI, i.e., the cumulative
water deficit from July to August. The SPEI was downloaded for
the 1950–2015 period from the SPEI Global Drought Monitor
webpage (http://spei.csic.es/map/maps.html) and considering
the 0.5◦ grids including each study site. According to the lowest
annual values of this index, themost severe droughts affecting the
study areas since the 1980s occurred in 1986, 1994–1995, 1999,
2003, 2005, and 2012 (Table 1; see also Supplementary Figure 1).
Field Sampling and Laboratory Processing
In the field, from 35 to 90 dominant and mature trees
were selected in each forest and their size (dbh, diameter at
breast height) was measured using tapes. Their percent crown
transparency was assessed using binoculars. Trees were classified
as declining (crown transparency >50%) and non-declining
(crown transparency <50%) individuals according to a visual
estimation of their recent defoliation degree (Dobbertin, 2006).
In the case of black pine all declining trees showed pronounced
needle shedding (crown transparency>80%) or brown foliage in
spring 2017 and were dead when they were sampled in autumn.
Dendrochronology was applied to retrospectively quantify
the radial growth (ring width) of trees (Fritts, 2001). We used
Pressler increment borers to extract two radial cores per tree at
1.3m and measured ring widths or obtained cross-sections from
declining and recently dead trees as in the case of black pine.
Wood samples were carefully sanded until ring boundaries were
clearly visible, and then the samples were visually cross-dated.
Once samples were cross-dated, we used a binocular scope and a
LINTAB measuring device (Rinntech, Germany) to measure the
tree-ring widths to the nearest 0.01mm. The accuracy of visual
cross-dating was checked with the program COFECHA which
calculatesmoving correlations between each individual series and
the mean site series (Holmes, 1983). In each species, half of the
trees corresponded to declining individuals and the other half
corresponded to non-declining individuals (Table 1).
Tree-ring width series were converted into basal area
increment (BAI) which accounts for the geometrical constraint of
adding a volume of wood to a stem of increasing radius (Biondi
and Qaedan, 2008). We obtained BAI by using the formula:
BAI = p(r2t − r
2
t−1)
where rt and rt−1 are the stem radii corresponding to years t and
t−1, respectively.
Quantification of Growth Responses to
Drought
We quantified the short- and long-term forest growth responses
to drought. Short-term responses were quantified by comparing
the growth during the drought event (which may last 1–3 years as
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FIGURE 1 | Views, location of study sites within the European distribution area (boxes in the maps), and climate diagrams for the four study tree species showing
recent drought-triggered dieback: (A), silver fir; (B) beech, (C) Scots pine; and (D) black pine.
for instance in the 2003–2005 drought) with the average growth
3 years after and before the drought event. In previous studies
we found that a period of 3 years represents a good compromise
between drought duration and the short-term growth response
(Gazol et al., 2017b). Long-term responses to account for possible
legacy effects were quantified by considering growth trends and
average growth rates after the drought event. Growth responses
to drought were compared between declining vs. non-declining
individuals in each site. Linear-mixed effects models (Pinheiro
and Bates, 2000) were used to compare the growth before, during
and after the drought. Since these measurements represent
repeated measures over the same individuals, tree identity was
regarded as random factor. The Kruskal-Wallis test was used to
compare the growth of declining and non-declining individuals.
The long-term BAI trends were quantified using the Kendall
tau statistic (τ ). Post-hoc analyses based on Tukey’s all-pair
comparison were applied to test differences in BAI between pre-,
drought, and post-drought periods when a significant influence
was detected according to the linear mixed-effects models.
In the black pine forest we detected a marked difference in
age between younger declining and older non-declining trees
(Supplementary Figure 2), thus making difficult the comparison
of growth responses to drought based on BAI data. For this
reason, we fitted a Generalized Additive Mixed Model (GAMM;
Wood, 2006) to the observed BAI data using the temporal trend,
tree size, ontogeny, and climate variables (spring precipitation)
as predictors. We obtained fitted BAI values for declining and
non-declining trees and considering a theoretical age of 50 years
and a mean dbh of 30 cm. The model accounted for 42% of the
BAI variation in non-declining and declining individuals. Trend
analyses were performed on these modeled BAI values.
All analyses were performed in R (R Development Core
Team, 2017). The dplR package was used to convert annual
ring measures into BAI (Bunn et al., 2016); the nlme package
was used to perform linear-mixed effect models (Pinheiro et al.,
2014), the multcomp package (Hothorn et al., 2008) was used
to perform post-hoc analyses, the stats, and Kendall packages
(McLeod, 2011) were used to calculate the Kruskal-Wallis tests
and Kendall trends, respectively, and the GAMMs were fitted
using themgcv package (Wood, 2011).
RESULTS
Drought as a Triggering Factor of Forest
Die-Off in Silver Fir
The 1986 drought induced a marked growth decline in silver
fir (Figure 2A). In the short term, no differences in growth
were observed between declining and non-declining individuals
3 years before (F = 1.239, p = 0.272) and after (F = 0.613,
p = 0.438) the 1986 drought (Figure 2B). However, growth
during the 1986 drought was significantly lower in declining
than in non-declining individuals (F = 4.775, p = 0.035).
For non-declining individuals, the short-term growth prior to
the drought and after the drought were higher than growth
during the drought (Z = 3.19, p = 0.001, and Z = 4.60, p =
0.001, respectively). Similar results were obtained for declining
individuals (Z = 4.07, p < 0.001, and Z = 5.74, p < 0.001,
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FIGURE 2 | Impacts of drought on forest growth assessed at different time scales in silver fir. Responses of declining (red lines, symbols and bars) and non-declining
(green lines, symbols and bars) silver firs to the severe 1986 drought (vertical line); (A) the mean basal area increments (BAI) of declining and non-declining individuals
since 1950 and the divergence between the two vigor classes from the 1990s onwards, (B) the short-term pre- (three years before), drought (1986), and post-drought
(three years after) BAI values of declining and non-declining individuals are shown. The red and green dashed lines indicate the BAI linear trends from pre- to
post-drought growth (resilience; capacity to recover pre-growth levels after drought) in declining and non-declining trees, respectively. Finally, in (C) the long-term pre-
(25 years before), drought (1986), and post-drought (25 years after the drought) BAI trends of declining and non-declining individuals are presented. The dashed lines
indicate the linear trends from pre- to post-drought BAI (resilience; capacity to recover pre-growth levels after drought. In the figures (B,C) bars show means and
standard deviations.
respectively). Moreover, after the 1986 drought there were
marked differences in long-term growth trends (F = 11.40, p =
0.002) between non-declining and declining individuals, which
presented an irreversible growth decline (Figure 2C).
Beech Growth Response to Drought Varies
across Sites
The 2003–2005 drought was characterized by a marked growth
reduction in beech growth at the four study sites (Figure 3A).
In the short term, we found no significant growth differences
between declining and non-declining individuals (Figure 3B;
Table 2). In the long-term, post-drought growth differences
between declining and non-declining individuals were only
detected in Opakua (Figure 3C, Table 2). Declining beech
individuals in Eraso presented diminishing growth trends, being
significantly lower than non-declining individuals (Table 2). BAI
for the 3 years before the dry-warm period was higher than
that observed during the dry-warm period (Figure 3B), despite
these differences were significant only in Opakua for non-
declining individuals and in Arutz for declining individuals
(Table 3). Similarly, BAI for this drought was significantly lower
than BAI of the three following years in all sites excluding
Lokiz for non-declining individuals and Eraso for declining
individuals (Figure 3B, Table 3). In the long-term (2006–2017
period), BAI after the 2003–2005 drought significantly increased
in non-declining individuals from the Eraso site and also in all
individuals from Opakua site (Table 3).
Legacy Effects of Drought on Growth in
Scots Pine
During the last three decades several droughts have affected
the growth of the Scots pine forest studied (Figure 4). An
abrupt growth reduction was observed in both declining and
non-declining trees in the 1980s. Later, trees had markedly
reduced growth during droughts such as those observed in
1994–1995, 1999 and 2005. After the 1980s the BAI trend of
non-declining individuals was significantly greater than the BAI
trend of declining individuals (Figure 4B; F = 5.86, p = 0.02).
The resilience to drought, i.e., the capacity to recover the pre-
drought growth values, had decreased for both declining and
non-declining trees. However, the rate of decline was higher for
declining individuals. In 1994–1995 the post-drought BAI was
1.5 times higher than the pre-drought BAI, whereas in 2005 the
ratio between post- and pre-drought BAI was 0.5, meaning that
growth had not recovered the pre-drought values (Figure 4C).
The differences between pre- and post-drought growth were
not significant for the 1994–1995 (F = 2.48, p = 0.128) and
1999 droughts (F = 0.247, p = 0.624). The post-drought BAI
after the 2005 drought was marginally significant lower than the
pre-drought BAI (F= 3.640, p= 0.059).
Legacy Effects of Drought on Black Pine
Vigor and Growth
Black pine showed a marked decline in growth during the 1994–
1995 drought (Figure 5A). Declining trees were significantly
younger than non-declining trees (Supplementary Figure 2).
To account for this difference in age, we compared BAI
values predicted by GAMMs for declining and non-declining
individuals and calculated growth trends. It was found a much
more negative trend in declining (τ = −0.88) than in non-
declining trees (τ = 0.47; see Figure 5C).
DISCUSSION
Drought Affects Forest Growth at Different
Scales
We provide substantial evidence that drought induces a marked
decline in forest growth across different forests and tree species.
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FIGURE 3 | Declining (red lines, symbols and bars) and non-declining (green lines, symbols and bars) beech individuals show different growth responses (A) to
drought at short- (B) and long-term (C) scales. Basal area increments are shown for four beech forests (A) separating declining and non-declining individuals. Vertical
bars indicate the 2003–2005 drought characterized by warm temperatures and dry conditions that limited beech growth. The short-term response to drought (B) was
studied by considering BAI for the three years previous and subsequent to the 2003–2005 drought. The legacy effects of drought on declining and non-declining
beech individuals (C) were studied considering the average BAI for the period 2006–2017 following the 2003–2005 drought.
It is well established that water shortage during the growing
season and before reduces secondary growth resulting in the
formation of narrow rings (Orwig and Abrams, 1997; Fritts,
2001). This has been shown for the study species. For instance,
beech growth in northern Spain was reduced during the 2003–
2005 drought (Rozas and Olano, 2017). Silver-fir populations in
the western Pyrenees were impacted by a severe drought that
affected the region in 1986 (Camarero et al., 2011). Iberian Scots
pine forest were affected by successive droughts occurring in the
early 1980s, 1994–1995, 1999, 2005, and 2012 (Camarero et al.,
2015b). Lastly, black pine growth in southern Spain was severely
impacted by the 1994–1995 and 2005 droughts (Sánchez-
Salguero et al., 2013). However, what currently demands greater
attention is to decipher the short- and long-term consequences
of drought on forest growth and tree vigor (Anderegg et al.,
2015; Peltier et al., 2016; Gazol et al., 2017a). We evidence that
drought leads to legacy effects on tree growth and vigor, and
that these effects can vary between and within (in the case of
beech) tree species. In the short-term, trees are able to recover
pre-drought growth rates 3 years after the occurrence of the
drought as observed for silver fir (Figure 2B), beech (Figure 3B),
and black pine (Figure 5B). However, the long-term impact of
drought on forest growth was higher in declining than in non-
declining individuals in most cases (Figures 2C, 3C, 5C). Thus,
there is also growth “memory” or legacy effects in the long-term
recovery capacity after drought as demonstrated by the difference
in post-drought growth of non-declining vs. declining Scots pines
(Figure 4C). In the long term, drought can have long-lasting
effects on forest productivity as demonstrated by the marked
reduction in growth of declining silver fir (Figure 2C) and black
pine (Figure 5C) individuals. In general, our results agree with
published meta-analyses showing that gymnosperms (e.g., pines)
often exhibit greater drought legacy than angiosperms (Anderegg
et al., 2015), albeit we also detected drought-induced legacy
effects on the growth of some beech forests as, for instance,
the Eraso site (Figure 3C). Angiosperms have more carbon
reserves and display higher maximum hydraulic efficiency than
gymnosperms, even if gymnosperms show higher resistance to
drought-induced xylem cavitation (Maherali et al., 2004), which
allows angiosperms a more rapid growth recovery upon re-
watering (Yin and Bauerle, 2017). Discovering how forests will
face more frequent and severe droughts remains a challenge but
here we provide a framework to advance in our understanding by
recovering part of the information contained in tree rings.
We also observed exception to the pattern of declining
individuals showing lower growth rates as the case of beech
trees in Arutz where non-declining individuals showed lower
growth rates (Figure 3A). Crown transparency is commonly
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used as a measure of tree health status and decline (Camarero
et al., 2015b). Moreover, higher growth in declining than in non-
declining individuals has been reported in other cases of drought-
induced damage (Sangüesa-Barreda et al., 2015). It is plausible
to think that under certain circumstances those individuals
displaying faster growth rates might be the most vulnerable to
drought since they produce wider conduits prone to embolism
(Voltas et al., 2013). Moreover, while the pre-drought growth
of declining beech individuals in Arutz is higher than that of
non-declining individuals it is also true that these differences
disappear for the post-drought growth (Figure 3A).
Impacts of Drought on Growth Near the
Species Rear Edge
It is expected that species will be more sensitive to climate
warming at their rear-edge or southernmost distribution limit
TABLE 2 | Short-term (three-years long) differences in pre- and post-drought
growth (basal area increment) values between declining and non-declining beech
individuals in the four beech study sites in response to the 2003–2005 drought.
Site Pre-drought
growth
Drought
growth
Post-drought Trend
Short term Opakua 1.380 1.518 2.088 –
Eraso 0.507 0.416 0.609 –
Lokiz 2.600 3.634§ 2.569 –
Arutz 0.387 0.047 0.002 –
Long term Opakua 0.954 1.518 4.568* 0.108
Eraso 0.389 0.416 1.624 6.345**
Lokiz 1.631 3.634§ 2.123 0.445
Arutz 0.502 0.047 0.028 0.348
The presented values correspond to the F statistic. The long-term (2006–2017 period)
growth trends (Kendall tau) are also compared. Significance levels: § p < 0.10, *p < 0.05,
and **p < 0.01. The symbol “–” indicates non-assessed statistics.
(Sánchez-Salguero et al., 2017). In this sense, growth in rear
edges is often constrained by low precipitation levels and high
evapotranspiration rates enhancing drought stress as shown by
previous studies on silver fir, Scots pine, and beech (Jump et al.,
2006; Piovesan et al., 2008; Camarero et al., 2011, 2015b). Some
silver fir forests in the western Spanish Pyrenees, where die-off
events have been reported, show low growth rates compared
to European populations subjected to wetter conditions (Gazol
et al., 2015). The results provided here clearly show the impact
of the 1986 drought on silver-fir forest growth (Figure 2A),
which has led to regard that particular drought as a “tipping
point” of growth decline and vigor loss in some of these
Pyrenean forests (Camarero et al., 2011, 2015b, 2017; Gazol and
Camarero, 2016). In a short-term perspective, both declining
and non-declining silver fir individuals were able to recover
pre-drought growth rates after the 1986 drought (Figure 2B).
Nevertheless, when we consider the long-term responses to
drought, growth rates of declining individuals decreased and
growth values were lower in declining individuals than in non-
declining individuals (Figure 2C). This result shows that legacy
effects can last for several years after drought (Peltier et al.,
2016).
The Iberian system is within the southernmost distribution
limit of Scots pine in Europe (Figure 1) and a marked growth
decline has been observed in some drought-prone forests of
the region (Camarero et al., 2015b; Marqués et al., 2016). In
this case, we studied a Scots pine forest in which a severe
decline in productivity and a related die-off were observed in
response to the severe 2012 drought (Camarero et al., 2015b).
The analyses shown here indicate that a severe drought event
in the 1980s started a marked growth decline or shift of Scots
pine individuals by reducing post-1980s BAI to ca. 25% of
pre-1980s values (Figure 4A). The marked drop in growth
has been prolonged until today, especially for declining trees
(Figure 4B). It is also possible that such sharp growth reduction
was magnified by severe outbreaks of the pine processionary
moth (Thaumetopoea pityocampa), which affected nearby areas
TABLE 3 | Differences between pre- and post-drought growth (basal area increment) observed for declining and non-declining beech individuals in the four study sites in
response to the 2003–2005 drought.
Site Non-declining individuals Declining individuals
Pre- vs.
drought
growth
Pre- vs.
post-drought
growth
Drought vs.
post-drought
growth
Pre- vs.
drought
growth
Pre- vs.
post-drought
growth
Drought vs.
post-drought
growth
Short-term trends Opakua 2.732* −3.178** −5.911** 1.861 −1.017 −2.878*
Eraso 2.062 −1.673 −3.734** – – –
Lokiz – – – 1.505 −1.091 −2.596*
Arutz 1.793 −1.666 −3.459** 2.751* 0.151 −2.600*
Long-term trends Opakua 4.983** −0.803 −5.786** 4.463** 2.017 −2.446*
Eraso 3.434** −0.604 −4.038** – – –
Lokiz – – – – – –
Arutz – – – – – –
Analyses consider short- (three-years long) and long-term (2006–2017 period) scales. The presented values correspond to the Z statistic. Significance levels and symbols are as in
Table 2.
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FIGURE 4 | Scots pine growth responses to recurrent droughts (vertical lines). Forest growth (A) is quantified as basal area increment (BAI) and it was reconstructed
for declining (red line and symbols) and non-declining (green line and symbols) Scots pine individuals in a forest showing drought-triggered die-off. The difference in
BAI between declining and non-declining individuals increases with time since 1980 onwards (B) pointing to the existence of legacy effects on declining individuals.
The last figure (C) shows relative growth values (ratio between post- and pre-drought BAI values) for the three most important recent droughts (1994–1995, 1999, and
2005) in declining (red bars) and non-declining (green bars) individuals.
in the 1980s (Sangüesa-Barreda et al., 2014), but we lack precise
field information on the study site and growth rings did not show
any wood-anatomical evidence of the outbreak. In addition, such
growth shift coincides with the onset of the dry-warm 1980s in
this area which makes plausible that drought stress was the main
cause of the sharp growth drop (Camarero et al., 2015b) and
that insect outbreaks contributed to the growth decline. Several
droughts have affected the region since the 1980s (1994–1995,
1999, 2005) and the post-drought growth shows that declining
individuals have a reduced capacity to recover after drought
when compared to non-declining individuals (Figure 4C).
Furthermore, multi-year droughts should be considered to
evaluate this recovery capacity because they negatively impact
forests at several time scales as the 1994–1995 drought did
across eastern Spain (Peñuelas et al., 2001). Scots pine and black
pine forests in this drought-prone region illustrate this aspect
since both species experienced a marked growth reduction in
response to the 1994–1995 drought (e.g., Figures 4A, 5A), and
they also manifested dieback and high mortality in some regions
(Sánchez-Salguero et al., 2012, 2013; Camarero et al., 2015b).
Forecasted warmer and drier conditions make some rear-edge
Scots pine and black pine populations from eastern Spain highly
vulnerable to Twenty-first-century droughts (Sánchez-Salguero
et al., 2017).
Long-Term Effects of Drought on Growth:
Legacy Effects
Legacy effects tend to be more noticeable in arid or semi-
arid biomes such as some xeric rear-edge forests, where growth
rates and productivity decrease (Sánchez-Salguero et al., 2012;
Vicente-Serrano et al., 2013), compared to wet biomes and
more mesic sites (Anderegg et al., 2015; Gazol and Camarero,
2016). Despite all the examples provided here show that drought
always causes a marked growth reduction, the magnitude of this
growth loss and the associated legacy effects differed considerably
between sites. Legacy effects can appear as prolonged periods
of productivity decline as a consequence of drought as in the
case of the studied silver-fir forest. At this forest, declining and
non-declining individuals showed a strong growth reduction
during the 1986 drought (Figure 2A). Interestingly, declining
individuals displayed a negative long-term growth trend ca. 14
years after the drought event, whereas non-declining individuals
showed a positive trend (Figure 2C). In fact, the death of some
declining trees could have favored the surviving ones due to
a reduction in competition with neighbors (Sangüesa-Barreda
et al., 2015). It is plausible that currently declining trees were
those showing prior lower growth rates and they were the
most vulnerable to the 1986 drought, as indicated their sharp
growth reduction in the short term (Figure 2B). These results
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FIGURE 5 | Short- and long-term growth (BAI, basal area increment) responses to drought in declining (red lines, symbols, and bars) and non-declining (green lines,
symbols, and bars) black pines. The effect of the 1994–1995 drought (vertical lines delimit BAI values during that period) on growth of declining vs. non-declining black
pines is shown (A). Short-term effects of drought on growth (B) were studied by considering the growth three years before (pre-drought), during the drought (drought)
and three years after the drought (post-drought). Long-term (legacy) effects (C) were studied by considering growth trends (τ , Kendall tau statistics; significance level,
**p < 0.01) of predicted growth values for declining and non-declining trees.
point to the existence of long-term legacy effects of drought in
declining individuals triggered by the 1986 drought which can
be considered as a tipping point for growth decline (Camarero
et al., 2015b). The understanding of these climatic tipping points
should be combined with the assessment of other contributing
factors that could promote a differential tree performance, such
as past thinning (Camarero et al., 2011, 2017).
Legacy effects can also lead to a reduced capacity to
recover after successive droughts (Peltier et al., 2016). This
can be the situation observed in the Scots pine forest in
which the ratio between post- and pre-drought growth, i.e.,
the resilience capacity, has declined considerably over three
consecutive droughts (Figure 4C). These results suggest that in
sight of forecasted more frequent and severe droughts Scots pine
populations near the rear-edge may face important long-term
productivity declines (Sánchez-Salguero et al., 2017).
In the case of black pine, the apparently lower growth rate of
non-declining individuals is an artifact caused by the difference
in age between the two groups of trees (Supplementary Figure 1).
Ontogenetic factors strongly influence tree growth and may
lead to wrong conclusions if not treated appropriately (Bowman
et al., 2013). When the BAI data was modeled accounting for
the influence of tree age on growth, we found that declining
individuals show important legacy effects of drought on growth
represented by a negative growth trend after the drought period
(Figure 5C). In this case, such negative growth trends could be
used to indicate impending tree death (Camarero et al., 2015b;
Cailleret et al., 2017).
Short-Term Growth Responses to Drought
Vary across Beech Forests
The 2003–2005 drought caused widespread decline in forest
productivity across central Europe (Ciais et al., 2005), and
also affected some Mediterranean forests in northern Spain
(Camarero et al., 2015a). Several beech populations in northern
Spain showed a pronounced growth loss in response to that
drought (Rozas et al., 2015). The four forests studied here
also showed a marked growth reduction during the 2003–
2005 drought (Figure 3A). However, while declining individuals
were able to recover pre-drought growth levels, non-declining
individuals showed a growth improvement after the drought
event (Figures 3B,C). This result evidences the greater recovery
capacity of non-declining beech individuals. Moreover, this
short-term response was consistent across the four studied forests
which are subjected to similar climatic conditions. However,
in the long-term the response varied across beech populations
(Figure 3C). Non-declining individuals presented higher growth
rates than declining individuals after the drought event but these
differences were only significant in one of the forests (Opakua;
Figure 3C, Table 3). These results suggest that site conditions
including topography, soil type or depth, forest composition,
stand size and age structures, functional diversity, and past
historical use and management (e.g., Camarero et al., 2011) are
important factors driving forest responses to drought (Gazol and
Camarero, 2016; Gazol et al., 2017b).
Although our study focused on drought stress as a major
factor of dieback we cannot discard that other stressors were
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also involved in these phenomena of vigor loss and mortality.
For instance, fungal pathogens (e.g., Hendry et al., 1998), insect
outbreaks combined with droughts (Sangüesa-Barreda et al.,
2015), or changes in other climatic variables such as increasing
vapor pressure deficit due to higher summer temperatures and
a reduction in summer fogs in the case of beech (Rozas et al.,
2015; Zimmermann et al., 2015) could also be involved on the
progressive dieback of some of the study forests.
CONCLUSIONS
Assessing the capacity of forests to recover after drought events
should be a research priority in sight of their forecasted higher
severity. Trees are long-lived organisms that can memorize their
past growing conditions in wood. Here we show several cases
in which tree rings can be used to understand the effects of
drought on tree growth and resilience. Both, short- and long-
term tree responses to drought should be considered in order
to retrospectively assess forest vulnerability. Regarding our four
study cases, we have shown that tree vigor is a component of post-
drought resilience as it is demonstrated by the greater capacity
to recover after drought of non-declining individuals compared
with declining individuals in silver fir and beech. Similarly, long-
term legacy effects of drought on forest growth can have different
consequences. While in the Scots pine forest, legacy effects are
presented as a lower resilience to successive droughts, for the
black pine and silver fir forests legacy effects resulted in negative
growth trends of declining individuals after the drought event.
Long-term monitoring of forest health could complement tree-
ring information because the effects of droughts on trees can last
for several years and even decades. In addition, dry conditions
affect other components of tree growth and functioning not fully
recorded by tree-ring data, as for example productivity, leaf and
shoot production, fruiting, water, and carbon use.
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